The thermoelastic behavior of sheet glass during laser irradiation was clarified using a one-dimensional model. A thermoelastic equation based on an equation of motion with the damping force proportional to the deformation velocity was applied. The thermal and thermoelastic equations were numerically solved by the finite difference method based on an implicit method for the time evolution. A proportional damping coefficient (PDC) was adopted for the calculation. In the case of a stationary heat source, compressive stress on the heated region changed into tensile stress 0.1 s after the end of heating. In the case of a moving heat source, the highest tensile stress was induced when the PDC was less than 0.1. An optimal combination of velocity and the PDC that induced the maximum tensile stress was obtained.
Introduction
Laser cleaving is a technology based on thermal stress that is used for cutting sheet glass (Okiyama, 1994) , (Ueda, 2007) . This technology has a large market in a wide range of fields such as electronic devices. Because damage may occur in sheet glass such as microcracks, laser cleaving is used instead of mechanical cleaving. However, laser cleaving cannot be used as a finishing process without adversely affecting the quality of electronic devices. It is also difficult to control the temperature to less than the softening and melting points of the glass during laser cleaving.
Basic research to elucidate the phenomena of laser cleaving is necessary to improve its reliability. Thermal stress analysis in the quasi-steady state has been carried out using the finite element method (Tsuruki, et al., 2002) , (Motomura, et al., 2008) , (Saimoto, et al., 2009 ). Laser cleaving is accompanied by crack propagation and dynamic motion due to thermal expansion in local areas. Therefore, thermoelastic analysis based on an equation of motion is necessary. Regarding the tensile thermal stress and its change which are important parameters in laser cleaving, there are many unanswered questions on their relations with the formation of a temperature field by laser irradiation. A preliminary examination based on a one-dimensional (1D) model is a suitable means of understanding the complicated phenomena. To elucidate the laser cleaving mechanism, it is important to understand the thermoelastic behavior of sheet glass.
As a first stage toward elucidating the laser cleaving mechanism of sheet glass, the thermoelastic behavior of sheet glass during laser irradiation was clarified using 1D model. A 1D elastic wave model with a damping force proportional to the deformation velocity and a thermal equation involving a moving heat source were constructed. These equations were numerically solved by the finite difference method. In this study, we investigated the thermoelastic behavior for both a stationary heat source and a moving heat source.
three-dimensional (3D) analysis. However, 3D analysis has the drawbacks of requiring the large-scale program development, a large amount of memory, and a long calculation time. A method of replacing the complicated phenomena with a simple model is effective for rapidly examining the parameter dependence of the cleaving mechanism. Although a 1D model that the main constituent is one-way thermal diffusion quantitatively overestimates the calculated results compared with a 3D model, it has sufficient ability to qualitatively clarify the complicated phenomena. The application of a 1D model is thus an easy means clarifying such characteristics in a short time. Using the results obtained, a multidimensional model can be more easily developed in a future study.
Fig. 1 1D thermoelastic model
To clarify the complicated thermoelastic phenomena of sheet glass during laser irradiation, it is necessary to investigate the changes in temperature and stress along the moving heat source. A 1D thermal model extracted from a large glass substrate is proposed as shown in Fig.1 , in which the heat energy balance of a small element with length L, width H, and thickness D is defined. The laser intensity is assumed to have a Gaussian distribution in the scanning (x) direction and a uniform distribution in the width (H) direction. The part of the laser beam absorbed by the small element becomes heat energy. In this model, the heat energy spreads in the x-direction. Radiant heat transmission and heat transfer by natural convection occur at the surface and back side of the sheet glass, respectively. The side of thickness D is assumed to be under an adiabatic condition. The change in internal energy at the small element is given by
where Q(x, t) is the heat energy per unit volume, Q 0 is the peak heat energy per unit volume, P 0 is the absorbed laser energy (W), q is conduction heat flux, q rad is radiation heat flux, q cov is natural convection heat flux, R x is the beam radius, ρ is the density, c is the specific heat, K is the thermal conductivity, ε is the emissivity, β is the Stefan-Boltzmann constant (=5.67×10 -14 W/(mm 2 •K 4 )), h cov is the heat transfer coefficient, T r is the initial temperature, and T is the temperature change from the initial condition. Equation (3) is obtained by assuming that the laser energy absorbed in the glass is equal to the value obtained by integrating the heat source over the volume of the whole glass. In this study, the scanning velocity is equal to the feed rate of the table.
By arranging the equation of the internal energy in consideration of the initial and boundary conditions, the following 1D unsteady-state heat equation is obtained. 
The initial condition is given by Eq. (9) because the calculated temperature is the increase from the initial temperature.
Although the cross-sectional area at both ends of the model is small, radiant heat transmission is applied as the boundary condition.
Elastic wave model
The thermoelastic equation in the corresponding one-dimensional heat equation is obtained from the uniaxial stress. The stress and strain are given by
where σ x is the stress in the x-direction, E is Young's modulus, ε x is the strain in the x-direction, α is the coefficient of thermal expansion, and u is the displacement in the x-direction.
The motion of the sheet glass is results in expansion and contraction of the glass caused by the thermal effect. The inertia force is equal to the total force by the stress and body force. Here, the body force is unrelated to this problem and is neglected. The 1D force balance equation with a damping force proportional to the deformation velocity is given by
where μ is the damping coefficient with a unit of 1/s. The equation of motion is obtained by applying the relative equations of stress and strain to the balance equation. Under the initial condition, the initial velocity is assumed to be zero. The boundary conditions at both ends of the model apply free ends. Free ends imply free expansion and free contraction because stress does not act on them. Hence, the thermoelastic equation with the initial and boundary conditions is as follows:
where C L is the sound velocity in the sheet glass. A wave that propagates in the elastic body with the sound velocity is called a longitudinal elastic wave.
Numerical calculation method
The finite difference method was applied for the numerical computation of the partial differential equations. A second central finite difference was applied to the second space differential. An implicit method was used for the progress of time in the finite difference equation.
The space region was divided into M units consisting of small uniform elements of length. The time region was divided into NT units consisting of small element of time. The time region in the calculation was defined as the time required for the heat source to move a length of L. The finite difference equations for the heat equation are as follows:
The centered difference was applied as the boundary condition for heat transfer at both ends. The finite difference equations for the thermoelastic wave equation are as follows:
where c is a proportional damping coefficient (PDC). The centered difference was applied as the boundary condition at the free ends.
It is difficult to estimate the numerical value of the PDC. Also, there is no experimental data for its value. Because the damping effect exists theoretically, the PDC was examined in the range of stable calculations. As a result of prior examination, a PDC in the range of 0.01 to 100 was applied in this study. 
Calculation results
In this study, a continuous-wave CO2 laser was assumed as the heat source. The target used for thermoelastic analysis was Corning 1737 sheet glass. Table 1 shows the properties of the sheet glass. The conditions of numerical calculation and laser irradiation are shown in Table 2 . The model was assumed to have a thickness of 0.7 mm, a width of 0.7 mm, and a length of 30 mm. In this calculation, the laser power and scanning velocity were regulated in advance to ensure that the maximum temperature increase was less than 500℃ and that the softening point of 975℃ was not exceeded. In this paper, the distance is defined as a position from the origin of the model as shown in Fig. 1 . Figure 2 shows the position of the stationary heat source in the sheet glass and the time dependence of the heat source. The duration of heating by laser irradiation was 1 s. The temperature change of the sheet glass irradiated by a stationary laser with a Gaussian spatially intensity was calculated. Figure 3 shows the temperature increase at the center of the sheet glass. A laser power of 7 W was selected to ensure that the temperature increase was less than 500℃. A steady-state temperature increase of 500℃ results from heating for 0.3 s, as shown in Fig. 3 . After the laser heating stops, the temperature returns to the initial state in 0.3 s. Figure 4 shows the temperature distribution of the sheet glass near the heat source. As shown in Fig. 4 , the temperature of the sheet glass increases from the start of heating to 0.025 seconds. After 0.5 s, the temperature reaches a steady state. The temperature decrease after heating is shown by the temperature distribution at 1.075 s. Figure 5 shows the time dependence of the displacement distribution caused by laser heating and cooling. In this case, because of the symmetry of deformation, there is no displacement at the center of the heat source. The temperature reaches a steady state in 0.3 s from a heating start as shown in Fig.3 . This time period is sufficiently short comparing with the time period of elastic wave propagation. Thus the temperature field is in quasi-static. This indicates that thermal expansion is proportional to temperature change. In other word, the thermal displacement increases from the heating start to 0.3 s. Afterward the displacement shows constant distribution until 1 s when the heating is finished. The maximum displacement of 0.7 µm occurs immediately after the end of heating, after which the thermal displacement returns to the initial value zero in more than 1 s. This means that the time required to return to the initial state is longer than the time required to the initial temperature. Figure 6 shows the time dependence of the thermal stress at the center of the sheet glass caused by laser heating and cooling. A maximum compressive stress of -25 MPa acts on the center 0.05 s after the start of heating. After that, the compressive stress decreases while a steady temperature is maintained. After the heating, the compressive stress changes to a tensile stress of 17 MPa in 0.1 s. During cooling, the tensile stress decreases and returns to zero. Figure 7 shows the time dependence of the stress distribution of sheet glass caused by stationary heat source. The compressive stress increases locally up to 0.05 s. When the heating is stopped and the cooling process starts, the compressive stress near the center of the heat source changes to local tensile stress. The compressive stress is distributed in a parabolic form in the outside region near the heat source. After 1.5 s, the tensile stress near the heat source decreases, and the sheet glass returns to the initial state. temperature is behind the center of the heat source in each distribution. There is a steep temperature gradient in front of the heat source and a shallow temperature gradient behind the heat source. A temperature distribution having such characteristics is commonly formed in the case of a heat source with uniform velocity. Furthermore, because there is no change in temperature distribution, the temperature field is in a quasi-steady state. After the heat source has passed, the sheet glass returns to the initial state in at least 0.6 s. This is due to radiation and heat transfer to the atmosphere. Figure 9 shows the velocity dependence of the maximum temperature increase with the laser power as a parameter. The maximum increase in temperature decreases with increasing velocity. This relation is useful for estimating the maximum possible temperature increase from the viewpoint of avoiding thermal damage to sheet glass.
Stationary heat source
A power of 10 W and a velocity of 10 mm/s were selected as laser irradiation conditions to ensure that the glass temperature remained less than the softening point of 975℃. A temperature increase of 500℃ was predicted for these irradiation conditions. In the calculation examples of thermal expansion and thermal stress, a PDC of 0.01 was assumed. Figure 10 shows the time dependence of the displacement distribution in sheet glass caused by moving heat source. The displacement distribution is indicated every 0.6 s. Negative values on the vertical axis in the figure indicate displacement to the left and positive values indicates displacement to the right. Both ends of the sheet glass are free ends and expand and contract freely. The position of the peak displacement in each distribution occurs ahead the center of the heat source. The calculated result shows that the displacement caused by thermal expansion increases to the front of the heat source and also to the rear of the heat source. In the region where the laser beam has passed, the region lengthened by thermal expansion returns to the initial condition with the decrease in temperature. When the heat source center comes to the right-side end of the sheet glass, the peak thermal expansion 2.6µm occurs in the right-side end. This shows increase in thermal expansion by the decrease in heat conduction effect in the end of sheet glass. We found that the one-dimensional model can predict heterogeneous thermal expansion when a local heat source with a uniform velocity moves on sheet glass. Figure 11 shows the time dependence of the stress distribution in sheet glass caused by the moving heat source. The stress distribution is indicated every 0.6 s. Negative values of stress indicate compressive stress and positive values indicate tensile stress. Because of the free ends, no stress acts on both ends of the sheet glass. The compressive stress acts in the movement direction of the heat source. The position of the peak compressive stress every 0.6 seconds matches the peak position of the heat source. Tensile stress acts behind the moving heat source. In this case, the tensile stress is a result of the temperature drop. The compressive stress decreases and the tensile stress increases with the movement of the heat source. The tensile stress acts on the region of the heat source passage by the temperature drop. Thus, it is thought that the phenomenon that compression stress decreases with heat source movement shows the effect that the tensile stress offsets the compression stress. The maximum tensile stress of 7.6 MPa occurs near the right end. Even if both ends of the sheet glass are free ends, a near Gaussian temperature distribution is formed in the region heated with the Gaussian heat intensity distribution. As a result, a temperature difference occurs between the center and periphery of the heat source. As a result of this temperature difference, compressive stress acts on the heating domain because the thermal expansion is restricted by the low-temperature domain of the heat source periphery. Tensile stress acts on the low-temperature domain through which the heat source has passed because the thermal contraction is restricted by the low-temperature domain of the heat source periphery. When the heat source moves, tensile thermal stress occurs behind the heat source, and compression thermal stress occurs ahead the heat source. Thus, elastic wave consisting of compressive stress and tensile stress is formed by moving heat source. We found that a wave with compressive stress and tensile stress propagates with the moving heat source with uniform velocity. Also, it was found that compressive stress acts on the heated region and tensile stress acts on the cooling region. It is important to control the thermal stress of sheet glass during laser irradiation. Figure 12 shows the velocity dependence of the maximum thermal stress with the laser power as a parameter. The maximum values of the compressive stress (a) and tensile stress (b) decrease with increasing velocity, and increase with increasing laser power, as shown in Fig. 12 . These results suggest that the thermal stress can be controlled through the velocity and laser power.
Displacement characteristics

Stress characteristics
However, the PDC is an important parameter affecting the dynamic response and its value is unknown. The PDC dependence of thermal stress was investigated to determine its effect on the dynamic response. A PDC from 0.01 to 100 was assumed. It was found that the tensile stress has a maximum value for a particular combination of the PDC and velocity as explained below. Figure 13 shows the PDC dependence of the maximum thermal stress with the laser power as a parameter. In this calculation, a velocity of 10 mm/s was assumed. The compressive stress increases in the PDC range of 0.01 to 10, as shown in Fig. 13(a) . Also, the compressive stress converges to a constant value that is dependent on the laser power. On the other hand, although the tensile stress increases with the PDC, it is greatest at a PDC of approximately 0.2, as shown in Fig. 13(b) . Also, the tensile stress has a minimum value at a PDC of approximately 1. With a further increase in PDC, the tensile stress converges to a constant value that is dependent on the laser power. It was found that the maximum tensile stress occurs at a PDC of approximately 0.2 if the heat source moves with uniform velocity. Furthermore, the maximum stress increases with increasing laser power. Figure 14 shows the PDC dependence of the maximum thermal stress with the velocity of the laser beam as a parameter. The laser power was set to 20 W. The compressive stress increases with increasing PDC and decreasing velocity, as shown in Fig. 14(a) . However, the compressive stress converges to a constant value that is dependent on the velocity. The compressive stress estimated for a velocity of 50 mm/s converges to -100 MPa when the PDC is more than 1, whereas the estimated value for a velocity of 1 mm/s converges to -400 MPa when the PDC is more than 100. On the other hand, the value of the PDC resulting in the maximum tensile stress and minimum tensile stress decrease with increasing velocity, as shown in Fig. 14(b) . The tensile stress estimated for a velocity of 1 mm/s has a maximum value of 103 MPa near a PDC of 0.4 and a minimum value of 35 MPa near a PDC of 2. The tensile stress estimated for a velocity of 50 mm/s has a maximum value of 12 MPa near a PDC of 0.05 and a minimum value of 3.5 MPa near a PDC of 0.2. From these results, it was found that the effective tensile stress for laser cleaving depends on the velocity of the heat source when the PDC is less than 1.
Discussion
For laser cleaving, tensile stress that is perpendicular to the direction of crack propagation is effective. In this study, the thermal stress along the direction of movement of the heat source was calculated. However, the proposed model is useful for clarifying the basic thermoelastic response during the movement of the heat source. In elucidating the mechanism of thermal stress cleaving, it is considered that the following discussion will assist the construction of a future two-dimensional plane stress model.
In a local stationary heat source, the compressive stress increases near the center of the heat source during heating. After the heating stops, the compressive stress changes to tensile stress in 0.1 s. The change in stress from compressive to tensile is a result of the cooling process. After that, the tensile stress decreases and the stress state returns to the initial state. The tensile stress effective for laser cleaving is provided by the application of this phenomenon.
The time at which the thermal stress returns to the initial state is not shown in the figures. However, it is considered that the time depends on the properties of the heat source and the material. By comparing Fig. 3 and Fig. 6 , it was found that the time at which the stress returns to the initial state is longer than the time required to return to the initial temperature. The time required to return to the initial state will be discussed in detail in terms of the thermoelastic time constant in a future study.
For the moving heat source with a uniform velocity, the maximum tensile stress appears at a PDC of less than 1.0. The thermal stress based on the quasi-steady-state model is a linear function of the temperature change. The maximum tensile stress cannot be predicted by the quasi-steady-state model. However, the proposed model can predict the phenomenon beyond the tracking range of the temperature change. By applying the maximum tensile stress, laser cleaving will be possible with a small energy. The damping coefficient of the sheet glass is an unknown parameter. However, as a result of calculation incorporating the PDC, it was found that the PDC affects the stress. This suggests the importance of including the PDC in the analysis of laser cleaving. It is important that the value of the PDC is clarified to establish the most suitable cleaving conditions.
In the future, the correspondence between experimental and model values of maximum tensile stress and the construction of a 2D plane stress model will be considered. The dynamic 2D plane stress model can predict the behavior of tensile stress that affect the crack opening in y-direction. Furthermore, the effectiveness of the laser cleaving method will be investigated with the aim of utilizing the tensile stress produced during the cooling process. Numerical computation provides the prediction of the physical phenomenon. The reliability of the calculation model becomes clear by an experiment. The future problem is the verification by the experiment and the improvement of model. The use of an experiment and the calculation gives synergy to the mechanism elucidation of laser cleaving and to the decision of the most suitable processing condition. The thermal expansion coefficient, specific heat and thermal conductivities increase with temperature in lower than glass transition point. On the other hand, Young's modulus decreases with temperature rise. The calculation in consideration of thermal characteristics of the glass provides possibility with new knowledge. Analysis in consideration of temperature dependence of the glass is a future problem.
Conclusion
In this study, a 1D elastic wave model was constructed to elucidate the thermal stress behavior of sheet glass caused by laser beam irradiation. The following results were obtained. In the case of a stationary heat source, compressive stress appears near the center of the heat source during heating. After the heating stops, the compressive stress changes to tensile stress in 0.1 s. In the case of a moving heat source, a temperature increase appears in the quasi-steady-state during heating with a uniform velocity. The maximum temperature increases with increasing laser power and decreasing velocity. A local moving heat source induces a heterogeneous distribution of the thermal expansion. A local moving heat source induces compressive stress in the heating area and tensile stress in the cooling area. An optimal combination of velocity and the PDC that induces the maximum tensile stress is obtained.
